Abstract Pathogenic mutations in the gene encoding TDP-43, TARDBP, have been reported in familial amyotrophic lateral sclerosis (FALS) and, more recently, in families with a heterogeneous clinical phenotype including both ALS and frontotemporal lobar degeneration (FTLD). In our previous study, sequencing analyses identified one variant in the 3 0 -untranslated region (3 0 -UTR) of the TARDBP gene in two affected members of one family with bvFTD and ALS and in one unrelated clinically assessed case of FALS. Since that study, brain tissue has become available and provides autopsy confirmation of FTLD-TDP in the proband and ALS in the brother of the bvFTD-ALS family and the neuropathology of those two cases is reported here. The 3 0 -UTR variant was not found in 982 control subjects (1,964 alleles). To determine the functional significance of this variant, we undertook quantitative gene expression analysis. Allelespecific amplification showed a significant increase of 22% (P \ 0.05) in disease-specific allele expression with a twofold increase in total TARDBP mRNA. The segregation of this variant in a family with clinical bvFTD and ALS adds to the spectrum of clinical phenotypes previously associated with TARDBP variants. In summary, TARDBP variants may M.A. Gitcho and E.H. Bigio contributed equally to this work.
Introduction
Mutations in the TAR DNA-binding protein of 43 kDa (TARDBP/TDP-43) gene have recently been identified as a novel cause of familial and sporadic amyotrophic lateral sclerosis/motor neuron disease (ALS/MND) [20, 26, 37, 39, 55, 56, 58] , and in clinically heterogeneous families with either MND or frontotemporal lobar degeneration (FTLD-MND), or both, within a single family [8] . The deduced 414-amino acid TDP-43 protein contains two ribonucleoprotein (RNP)-binding domains and a glycinerich region [52, 59] (Fig. 1a) . This predominant nuclear protein function as a DNA-and RNA-binding molecule that regulates transcription and splicing and is involved in the regulation of cystic fibrosis transmembrane conductance regulator (CFTR) splicing by promoting CFTR exon 9 skipping by binding to the GU-repeated motifs in the polymorphic region near the 3 0 -splice site of this exon [13] [14] [15] [16] . The resulting abnormal splicing is associated with the pathology of cystic fibrosis [13, 14, 16] . The glycine-rich domain is required for exon-skipping activity [16, 59] . TDP-43 was recently found to be involved in exon inclusion of survival of motor neuron (SMN) [10, 28] , where the loss of function causes spinal muscular atrophy (SMA). TARDBP mRNA is ubiquitously expressed with high levels in neocortex, hippocampus, and cerebellum (see Allen Brain Atlas at http://www.brain-map.org/). TDP-43 has become the focus of intense scrutiny because it is the major pathological protein of the inclusions of most cases of sporadic and familial FTLD-TDP, ALS/MND, and FTLD-MND [3, 18, 42, 51] , and is a co-morbidity in a broadening spectrum of other neurodegenerative diseases [2, 23, 25, 29, 32, 48, 50, 62] .
TDP-43 was first identified as the major pathological protein of ubiquitin-positive, tau-negative inclusions of frontotemporal lobar degeneration (FTLD-U, also called FTLD with TDP-43 proteinopathy or FTLD-TDP), FTLD with motor neuron disease (FTLD-MND), and ALS/MND [3, 17, 41-43, 50, 51] . These disorders are now regarded as different clinical manifestations of the same underlying molecular pathology, namely TDP-43 proteinopathy. The differing clinical phenotypes of these clinically overlapping disorders most likely reflect the selective vulnerability of different segments of the neuraxis to neurodegeneration caused by TDP-43 proteinopathy. The reasons for selective vulnerability are not currently known. The biochemical signature of this proteinopathy includes the following: ureasoluble ubiquitinated protein, hyperphosphorylated TDP-43, and C-terminal fragments of *25 kDa in affected neocortex, hippocampus, and spinal cord from individuals with ALS/MND, FTLD-MND, and FTLD-TDP [3, 30, 51] . Defects in the TARDBP gene are now recognized as a cause of amyotrophic lateral sclerosis type 10 (ALS10) (see Online Mendelian Inheritance in Man at http://www.ncbi. nlm.nih.gov/entrez/dispomim.cgi). Amyotrophic lateral sclerosis/MND is a neurodegenerative disorder affecting both upper and lower motor neurons and results in fatal paralysis usually within 2-5 years. Most of the variants reported occur within the glycine-rich region, which indicates that this is a functionally important domain in normal cellular metabolism [26, 37, 39, 55, 56, 58] . The frequency of TARDBP mutations in most series is \5% of familial amyotrophic lateral sclerosis (FALS) cases, but several families with an autosomal dominant mode of inheritance with TDP-43 proteinopathy including FTLD-MND and FTLD-TDP remain unexplained. To further explore the contribution of TARDBP allelic variants to the spectrum of clinical phenotypes with TDP-43 proteinopathy, we investigated a proband from each 'FTLD' or 'MND' family in which no pathogenic variant had yet been identified and also extended our analysis to include all exons and intronic boundaries and the relatively large 3 0 -untranslated region (3 0 -UTR) of the gene. We report here the neuropathology and functional studies of our previously identified variant in the 3 0 UTR of TARDBP [26] . We have identified three cases from two genealogically unrelated families. One patient harboring the variant presented clinically with behavioral variant frontotemporal dementia (bvFTD) and had the pathologic stigmata of FTLD-TDP. To our knowledge, this is the first report of a deceased individual with clinical bvFTD and a TARDBP 3 0 UTR variant who has had autopsy brain evaluation and confirmation of FTLD-TDP without motor neuron disease. Recently, another variant was described in two patients, one with semantic dementia and ALS and one with a behavioral disorder and ALS [8] , but no neuropathology was available in either case. This and other studies support the observation that TARDBP mutations may result in clinically and neuropathologically heterogeneous phenotypes.
Patients and methods

Cases
We report the neuropathology of two cases in which we previously identified a 3 0 UTR variant in TARDBP in two families [26] . The cases were identified from the archives of the Alzheimer Disease Center, Northwestern University Feinberg School of Medicine, Chicago, IL, USA. For gene expression studies, normal control cases and sporadic and familial FTLD-TDP cases were obtained from the Alzheimer's Disease Research Center, Washington University School of Medicine, St. Louis, MO, USA (Table 1) . Briefly, cases previously sequenced and identified with progranulin (GRN) or valosin-containing protein (VCP) mutations, or FTLD-MND cases linked to chromosome 9, including those with putative variants in the intraflagellar transport homolog 74 (IFT74) [45] or ubiquitin-associated protein 1 (UBAP1) [54] genes, were excluded. In our previous mutational analysis, we identified the variant described here in two families [26] . Subsequent to that report, we have identified the same variant in the proband's brother and autopsy material has become available, the subject of this report.
Neuropathology
The brain was sliced fresh, and slabs were fixed for 30 h at 4°C in 4% paraformaldehyde, cryoprotected in buffer with increasing sucrose gradients to 40%, and stored in 40% sucrose with sodium azide. Tissue blocks from this tissue were processed and paraffin-embedded and sections were cut at 5 lm for histochemistry and immunohistochemistry. Multiple regions were examined, including frontal, temporal, parietal, and occipital lobes, thalamus, striatum, basal ganglia including the nucleus basalis of Meynert, amygdala, hippocampus, midbrain, pons, medulla oblongata, and the upper cervical spinal cord. Histologic stains included: hematoxylin and eosin, Luxol fast blue-hematoxylin with periodic-acid-Schiff; cresyl fast violet; thioflavin S; and modified Bielschowsky and Gallyas silver impregnations. Immunohistochemistry was performed using the following antibodies: Ab (1:100,000, mouse [33] .
Genetic analysis
High-molecular weight DNA was extracted from whole blood, serum, or brain tissue according to standard procedures. DNA from serum was whole-genome amplified using the REPLI-g Ò Midi Kit (Qiagen Inc., Valencia, CA, USA) prior to genetic analysis. DNA from a single affected individual from each family was used for sequencing of TARDBP. All exons and the intron-exon boundaries as well as the complete 3 0 UTR of the TARDBP gene were amplified using gene-specific intronic primers. Direct sequencing of the amplified fragments was performed using the Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Wellesley, MA, USA) and standard protocols. For most of the fragments, the primers used for sequencing were the same as those used for PCR amplification (primer sequences available on request). Reactions were run on an ABI 3130 DNA sequencer (AME Bioscience A/S, Toroed, Norway) and mutation analysis was performed using Sequencher software v4.6 (Gene Codes Corporation, Ann Arbor, MI, USA). Where possible, sequence variants were tested for segregation with the disease and screened in a set of 982 (1,964 alleles) unrelated ethnically matched controls. Genotyping of the APOE e polymorphism was performed using PCR amplification of a 244 base pair fragment followed by digestion with the restriction enzyme HhaI, as described by Hixson and Vernier [31] .
RNA isolation and TARDBP expression analyses RNA was isolated from a fragment of frozen frontal lobe using (RNeasy, Qiagen Inc., Valencia, CA, USA) and cDNA synthesis (High-Capacity cDNA Archive Kit, Applied Biosystems, Foster City, CA, USA). There was insufficient material for protein chemistry. The quality of mRNA was determined by UV spectrophotometer absorbance; the A260:A280 ratio was determined for each sample and all cases with a ratio of 1.95-2.00 were analyzed. Complementary DNA was assessed for genomic DNA contamination by PCR amplification with intronicspecific primers. Real-time PCR was performed using a 20 lL total reaction with SYBR Green I 2 X master mix (Applied Biosystems, Foster City, CA, USA) with 400 nM gene-specific primers and 2 lL of a 1:20 and 1:40 dilution of cDNA template replicated three times for each dilution. An ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA) was used for PCR amplification. Efficiency of each PCR reaction was determined by six serial dilutions undertaken in duplicate and repeated three times (n = 40 controls, with 3 separate extractions from the one case studied). Complementary DNA (cDNA) and each mRNA expression ratio were based on normalization with glyceraldehyde-3-phosphate dehydrogenase (GAP-DH) cDNA. We calculated the variant: non-variant allele expression ratio by allele-specific real-time PCR. First, we calculated the efficiency of the allele-specific TaqMan (Applied Biosystems, Foster City, CA, USA) probes (sequence available upon requests) with serial dilutions of a heterozygous cDNA for the variant. The TaqMan realtime PCR measures accumulation of a product via the fluorophore during the exponential stages of the PCR, rather than at the end point as in conventional PCR. Secondly, we confirmed that the technique was able to quantify the amount of the variant allele in relation to the normal allele by generating a standard curve mixing the variant genomic DNA with the normal genomic DNA at different ratios, as previously described [22] . Finally, the variant: non-variant allele expression ratio was calculated by comparing the Ct value for the FAM probe (variant allele, A) with that of the VIC probe (normal allele, G) using heterozygous genomic DNA as a reference. 
Results
TARDBP mutation analysis
Sequencing analysis of TARDBP previously led to the identification of a novel guanine to adenine variant in the 3 0 segment of the untranslated region (3 0 -UTR) adjacent to exon 6 (NM_007375.3, position 2076G[A) of TARDBP (Fig. 1b) in two genealogically unrelated families [26] . The guanine nucleotide is highly conserved through the evolutionary spectrum in the 3 0 -UTR from Homo sapiens to Gallus gallus (Fig. 1c) . The genomic sequence is also conserved in the following species: Bos Taurus, Canis familiaris, Cavia porcellus, Dipodomys ordii, Equus caballus, Erinaceus europaeus, Felis catus, Gorilla gorilla, Loxodonta africana, Microcebus murinus, Monodelphis domestica, Myotis lucifugus, Otolemur garnettii, Pteropus vampyrus, Spermophilus tridecemlineatus, Tarsius syrichta, Tursiops truncates, and Vicugna pacos (http://www. ensembl.org), supporting its likely functional importance. The 3 0 -UTR variant segregated with both affected members of a family with clinical heterogeneity including both bvFTD and ALS/MND. Also, this variant was present in an unrelated familial ALS patient; no neuropathology was available for that case. The variant found in these two families was absent from a large series of ethnically matched elderly controls (n = 974 cases; n = 1,948 alleles; frequency = 0.00051). With 1,948 chromosomes screened and taking a hypothetical population frequency of 1%, the power to detect a variant was [0.999. The proband's APOE genotype was e2:e3.
We studied the allele-specific gene expression in 3 0 -UTR variant cases and in four non-carriers. Genomic DNA from a variant carrier was used as a reference. Our analyses indicated that the variant allele was expressed at significantly higher levels (22%, P \ 0.05) than the normal allele. One limitation of this technique is that this increase in allele-specific gene expression may be caused by another variant on the same chromosome as this variant. Sequencing of the entire 3 0 UTR region revealed that no other unique variants were discovered. To determine the effect of the 3 0 -UTR variant on total TARDBP expression levels, 40 age matched, cognitively and neurologically normal control subjects were compared with the expression levels of the proband calculated from three independent experiments. We observed a twofold increase in total expression of TARDBP normalized to GAPDH in the 3 0 -UTR variant carrier (0.61 ± 0.05) compared with 40 normal controls (0.30 ± 0.07; P \ 0.001; Fig. 2, upper  panel) . To determine the specificity of the allele ratio change in the variant, we further evaluated expression levels in the following cases: FTLD with VCP mutation (n = 1), sporadic FTLD-TDP (n = 2), and familial MND with TARDBP mutation (n = 1), and observed a similar twofold increase in TARDBP expression (Table 1 ; Fig. 2 0 UTR variant compared with other TDP-43 proteinopathies. The values expressed represent the means of at least three independent experiments repeated three times and each normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. To compensate for multiple comparisons, a Bonferroni correction was made with the variability expressed as the standard deviation: *P \ 0.05; **P \ 0.005; ***P \ 0.001) was located 26 base pairs upstream of the 3 0 UTR variant we describe here (Wellcome Trust Genome Sanger Institute, Hinxton, Cambridge, UK, http://microrna.sanger.ac.uk/ index.shtml). The increase in the total TARDBP mRNA expression level and allele-specific expression levels could not be related to any known interaction with human micro-RNA-binding sites in silico.
Clinical phenotype
The proband, case 5 in our previously published study [26] , was a 70-year-old Caucasian woman and was first evaluated at the Northwestern Cognitive Neurology and Alzheimer Disease Center at the age of 66 years, 4 years prior to her death in 1984, and after a 2-year history of cognitive changes, consisting of obsessive compulsive tendencies and other unusual behaviors. In contrast, other members of this family had an ALS/MND phenotype: a brother had died 6 years prior to the proband's death with lower MND, the mother died of lower MND, and the father died of ALS. A neurologically and cognitively unimpaired sister died of Hodgkin's lymphoma. The proband was college educated and had a Wechsler Adult Intelligence Scale-Revised (WAIS-R) Full Scale IQ of 85, which was low given her prior level of functioning as a bank teller. The Wechsler Memory Scale-Revised (WMS-R) General Memory Index (comparable to IQ score) was 90, within the normal range, but, again, somewhat lower than expected. The Attention/Concentration Index was 77, suggesting that attention deficits were more prominent than memory deficits. The Trail-Making Test, a neuropsychological test of visual attention and task switching, showed impairment. The differential diagnosis was consistent with a degenerative brain disease (high probability) and bipolar disorder (low probability). Neurologic sensory-motor examination at the time was considered normal. However, she had a left Babinski sign and dystonic posturing of the arms during stressed gait, with the left worse than the right. Medications at the time were Prempro Ò , a combination of estrogens and a progestin to manage moderate to severe symptoms of menopause, and multivitamins with zinc. Over time, verbal fluency became reduced and she was noted to be apathetic and socially inappropriate. In the final evaluation, 8 months prior to death, she had pulmonary problems and had added aspirin, gingko, and vitamin E to her medication regimen. The Mini-Mental State Examination (MMSE) score was 12 out of a possible 30, indicating moderate to severe cognitive impairment, and all test scores had declined significantly with the exception of constructional apraxia; the clinical profile was that of a progressive compartmental/executive dysfunction, or frontotemporal dementia according to the criteria of Neary et al. [49] . In summary, the proband died after a 6-year course of disease.
The clinical diagnosis at expiration was possible Alzheimer's disease versus bvFTD and the clinical profile was that of progressive comportmental executive dysfunction.
Neuropathology
In the proband, case 5 of our previously published study [26] , with bvFTD and no clinical evidence of MND, a brain-only autopsy was performed. The brain weighed 1,150 g (normal range 1,250-1,400 g). External examination revealed mild cerebrovascular atherosclerosis. There was moderate frontal and temporal and mild parietal lobar atrophy (Fig. 3a) . Coronal sections of the cerebral hemispheres revealed moderate hippocampal and mild caudate nucleus atrophy, and moderate dilatation of the lateral ventricles (Fig. 3b) . Transverse sections of the brain stem revealed mild pallor of the locus coeruleus and substantia nigra (Fig. 3c) . The cerebellum was unremarkable. Microscopic examination was significant for patchy mild superficial microvacuolation and gliosis in the frontal and temporal cortices (Fig. 4a) , and severe neuronal loss and gliosis in the subiculum and hippocampal CA1 subfield (Fig. 4b) , consistent with hippocampal sclerosis. There was a mild neuronal loss and gliosis in the substantia nigra and locus coeruleus. Although the spinal cord was not available, there was no evidence of motor neuron loss from the motor nuclei of the brain stem. However, histologic examination of the hypoglossal nucleus revealed some shrunken or chromatolytic neurons and Bunina bodies were observed in some remaining lower motor neurons (Fig. 4c) . Ubiquitin and TDP-43 immunohistochemistry (IHC) revealed the characteristic stigmata of FTLD-TDP: neuronal cytoplasmic inclusions (NCIs) and dystrophic neurites (DNs) in the frontal and temporal neocortex and numerous NCIs in hippocampal dentate granule neurons (Fig. 5a, b) . c There is mild pallor of the substantia nigra NCIs were present in both superficial (Fig. 5c ) and deep ( Fig. 5d ) cortical layers. No neuronal intranuclear inclusions (NII) were seen. There were also NCIs in the caudate nucleus and putamen: sparse with ubiquitin IHC and numerous with TDP-43 IHC (Fig. 5e, f) , and dystrophic neurites (DNs) were sparse. The density and distribution of these inclusions is consistent with FTLD-TDP type 2 [17] . There were no ubiquitin-or TDP-43-immunoreactive 'skein-like' or 'globular' NCIs or Lewy-like bodies in brain stem nuclei, including the hypoglossal neurons, as are frequently present in the motor neurons of ALS. Phosphorylation-dependent anti-tau antibodies labeled pre-tangles and neurofibrillary tangles in layer II of the entorhinal cortex and rare neurofibrillary tangles and dystrophic neurites in the hippocampus, consistent with Braak and Braak neurofibrillary tangle stage II [11, 12] . There were no cortical Ab or neuritic plaques as detected by thioflavin S. In the nosology of Alzheimer's disease (AD), the absence of diffuse or neuritic plaques and modest numbers of tangles excludes a neuropathologic diagnosis of AD by Khachaturian [38] , CERAD [44] and NIA-Reagan Institute criteria [1] .
The brother's 1993 autopsy report from the University of Chicago Hospitals was reviewed. The brain weight was 1,430 g and there was no external gross atrophy. Microscopic findings were compatible with ALS. Selected paraffin blocks (motor cortex, hippocampus, basal ganglia, midbrain, medulla, and cervical and thoracic spinal cord) from the brother's autopsy were generously loaned to us by Dr. Robert Wollman from the University of Chicago Hospitals. Sections were evaluated with hematoxylin and eosin and immunostains for ubiquitin and TDP-43. There was mild superficial microvacuolation and gliosis in the motor cortex, moderate cell loss in the substantia nigra, severe neuronal loss in the hypoglossal nucleus, moderate to severe neuronal loss in anterior horn neurons, and severe ventral nerve root atrophy. There were sparse Bunina bodies (Fig. 6a) , skein-like inclusions (Fig. 6b) , and Lewylike bodies (Fig. 6c ) in hypoglossal and anterior horn neurons and large TDP-43-positive (Fig. 6d) alpha-synuclein-negative (not shown) Lewy-like bodies in substantia nigra neurons. TDP-43-positive glial inclusions were identified in the anterior horns (Fig. 6e) . Interestingly, sparse to moderate cytoplasmic inclusions in the hippocampal dentate gyrus, comparable to those seen in the proband with bvFTD, were also found (Fig. 7) . As expected, in both the proband and her brother, dentate gyrus inclusions were labeled with TDP-43 C-t but not N-t antibodies while lower motor neuron inclusions were labeled with both C-t and N-t antibodies (Fig. 8) .
Discussion
In this study we describe the neuropathology and functional data of one case with bvFTD, but not ALS/MND, and FTLD-TDP with a variant in the highly conserved 3 0 -UTR of TARDBP. To our knowledge, this is the first report of a variant in the 3 0 UTR with bvFTD with pathologically confirmed FTLD-TDP. This variant was found in two genealogically different families, one with both bvFTD and MND phenotypes and a separate family with MND, but was absent in controls. The functional significance of this variant was assessed through allele-specific expression and the variant allele was significantly increased in comparison to the normal allele, and there was an overall increase in the total amount of TDP-43 mRNA. Recently, adeno-associated viral (AAV) overexpression of TDP-43 in the brain of rats was reported to recapitulate some features of FTLD and MND [57] . Further evidence of TARDBP overexpression was reported in yeast where the formation of cytoplasmic inclusions was reminiscent of inclusion formation in human disease [36] . These data suggest that the overexpression of TDP-43 alone may play a pivotal role in the pathogenesis of TDP-43 proteinopathy. To date, most of the reported mutations have been in exon 6 in FALS, but a number of apparently sporadic ALS cases with TARDBP variants have also been described [26, 37, 39, 55, 56, 58] . As in other autosomal dominant neurodegenerative diseases, such as FTLD with microtubule-associated protein tau (MAPT) mutation, a single mutation within one family may generate a variable age at onset and clinically and neuropathologically heterogeneous phenotypes involving either cognitive or motor systems, or combinations of both, within a single family [35, 40] . Notably, although the proband (case 5 [26] ) presented with bvFTD and the proband's brother presented with MND/ALS, the FTLD-TDP and ALS pathology of these two individuals overlapped. The identification of a genetic variant outside the translated region, as reported here, indicates that there may be other functionally significant regions that may alter gene expression and/or splicing and produce a more varied clinical and pathological phenotype than those recently reported in FALS [26, 37, 39, 55, 56, 58] . Further studies of the non-coding regions of TARDBP in other families, are required to determine the frequency of these variants and to determine potential genetic and clinicopathologic correlations. Mutant TARDBP may compromise the physiologic role of TDP-43 and lead directly or indirectly to aggregation, hyperphosphorylation, and C-terminal cleavage, the signature pathology of the TDP-43 proteinopathies [3, 30, 34, 51] . In this and previous studies, the variability in labeling of inclusions with N-terminal-and C-terminal-specific TDP-43 antibodies is evidence that there may be region-specific pathways of TDP-43 processing, in that TDP-43-positive inclusions in neocortex and hippocampus are enriched in C-terminal fragments, a disease-specific feature of FTLD-TDP, while spinal cord inclusions appear to be composed of full-length TDP-43 [33] . Interestingly, glia in the hypoglossal nucleus of the cases with the 3 0 UTR variant appeared to label with the N-t-specific antibody but only faintly with C-t-specific anti-TDP-43 antibodies. In the report by Igaz et al. [33] , glial inclusions were reported to contain both N-and C-terminal epitopes of TDP-43, and the differences in staining intensity and distribution in these two studies may be caused by differences in immunohistochemical techniques.
As anti-TDP-43 antibodies become more widely used, an increasing number of diseases are being recognized with TDP-43 proteinopathy co-morbidity, including: Alzheimer's disease, dementia with Lewy bodies and Parkinson's disease, corticobasal degeneration, argyrophilic grain disease, hippocampal sclerosis, ALS-parkinsonism dementia complex of Guam, Perry syndrome, and as pathological aggregates in inclusion body myopathy [2, 23, 25, 29, 48, 61, 62] . The contribution, if any, of TARDBP variants to the pathogenesis of these other disorders is unknown. FTLD with TDP-43 proteinopathy is now recognized as the most frequent single pathological entity found in autopsy series of FTLD cases [9, 17] . Although the genetic cause is unknown in most cases, the most frequent cause of familial TDP-43 proteinopathy is FTLD with GRN mutation [6, 7, 19, 21, 24, 46, 47, 53] . A rare cause is FTLD with VCP mutation [27, 50, 60] and other familial cases of FTLD-MND have been linked to chromosome 9 with putative variants in ITF74 and UBAP1 [45, 54] . Immunohistochemical and morphological studies of the subtype, density, and distribution of ubiquitin-and TDP-43-immunoreactive inclusions reveal a close association between genotype and neuropathological phenotype [18] . In one classification system, FTLD-TDP type 1 has been most There are sparse C-t-positive NCIs, but not N-t-positive NCIs; some nuclei, however, are N-t-negative (C-t-and N-t-specific TDP-43 immunohistochemistry, 9600). Neuronal inclusion in the hypoglossal nuclei of the proband (e) and proband's brother (f). In both (e) and (f), C-t-specific TDP-43 immunohistochemistry is on the left and N-tspecific labeling is on the right. The lower motor neuron NCIs are labeled by both antibodies. In addition, glial cytoplasmic inclusions are labeled with anti-N-t TDP-43, but only very weakly with anti-C-t TDP-43 antibodies (arrows) (C-t-specific and N-t-specific TDP-43 immunohistochemistry; e 9600, f 9400)
closely associated with sporadic cases while FTLD with GRN mutation correlates most closely with type 3, and FTLD with VCP mutation, which has predominantly NIIs, is classified as type 4, and familial FTLD with and without MND has predominantly NCIs and DNs is type 2 [17, 18] and is most consistent with the pattern and distribution of pathology seen in the proband with the TARDBP 3 0 -UTR variant. TDP-43 regulates gene expression by several mechanisms including transcription and splicing through binding to RNA and DNA [4, 5] . In vitro studies indicate that the deletion of the C-terminal domain of TDP-43 results in altered solubility, cellular mislocalization, and the formation of nuclear and cytoplasmic aggregates reminiscent of the pathology of TDP-43 proteinopathies [4, 5] . The increase in allele-specific amplification, found in the proband (case 5 [26] ), suggests that the variant may contribute to neurodegeneration by dysregulation of TARDBP gene expression via a mechanism yet to be elucidated. However, we cannot completely exclude the possibility that the variant is a benign polymorphism and further in vitro and genetic analysis of other families are needed to determine the frequency of this variant and its role in modifying the regulation of TARDBP. Therefore, TARDBP expression may contribute to clinically and neuropathologically heterogeneous phenotypes linked by a common molecular pathology, TDP-43 proteinopathy.
The clinical, neuropathologic, genetic, and functional data described here have important implications for a spectrum of diseases including ALS/MND, FTLD-MND, and FTLD-TDP which are linked by a common molecular pathology. The discovery of a variant in the TARDBP 3 0 -UTR in a patient with clinical bvFTD and pathologic confirmation of FTLD-TDP in a family with dominantly inherited bvFTD and MND may prove to provide some support for a direct link between TDP-43 function and clinical and neuropathologic heterogeneity. The combination of additional genetic and/or environmental factors contributing to this heterogeneity remains to be elucidated. The identification of a novel 3 0 -UTR variant implicates potentially different pathogenetic mechanisms than those described in exon 6 in FALS. In addition, this novel genetic locus within the TARDBP gene may generate novel targets for therapeutic intervention.
